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Abstract In this paper, we present two possible physical explanations of the nonextensive 
parameter in a self-gravitating system. One is related to the detailed balance in such system. With 
the detailed balance, the statistical balance of molecular energy is reached, under which the 
radiation energy “stored” in the molecules becomes important. Then the relation between the 
nonextensive parameter and the storage coefficient which measures the ability of molecules to 
store the radiation energy is constructed. The other explanation is from one dimensionless quantity 
called (logarithmic) temperature gradient defined in the stellar physics. In view of this, we find 
that in order to keep the nuclear reactions alive inside the Sun, the ratio of radiation pressure to the 
total pressure in the core must be more than 0.2833.  
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    In recent years, nonextensive statistics mechanics based on Tsallis entropy [1] has been 
applied to many multidisciplinary fields, remarkably such as plasmas [2] and astrophysics [3]. 
One important problem remained until now is that the physical essence of the entropy index or the 
nonextensive parameter q is still under discussion. However, what is verified is that in different 
system this parameter has different origin. In the systems with long-range interactions, such as 
self-gravitating systems and plasmas, the nonextesnive parameter is mainly related to the 
long-range potentials and electromagnetic fields [4]. In a general stochastic dynamical system, the 
parameter may be originated from the noise and friction as well as the associated 
fluctuation-dissipation relation [5].  
In this work, we present two physical explanations of the origins of the nonextensive 
parameter in the background of classical statistics. One is related to the detailed balance in a 
self-gravitating system. The other is originated from the dimensionless quantity, called 
(logarithmic) temperature gradient, defined in the stellar physics. 
Before this, let us firstly analyze the concept of temperature in the classical statistics. 
Consider one classical gaseous system, where the interactions between the molecules in the 
system is short range, and there is no any external field applied to the molecules. When this 
system is isolated, it can approach the thermal equilibrium, one obvious character of which is that 
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there exists not any dissipative process in the whole system. In order to have an insight into this, 
we divide this system into two parts A and B by a imaginary plane, and then consider the 
exchange of the molecules between them.  
We confirm that the whole system is also at the dynamical equilibrium. So the number of 
molecules transferring from A to B is identical to the one transferring from B to A. Now that the 
whole system satisfies the Boltzmann-Gibbs distribution, as long as the time is long enough, the 
transferring molecules can also satisfy the same Boltzmann-Gibbs distribution. Therefore, setting 
the system temperature as T and taking the system to consists of single-atom molecules, the 
average kinetic energy of every transferring molecule is 3kBT/2.  B
With the equilibrium condition, the average kinetic energy of transferring molecules from A 
to B must be equal to the one from B to A. Now that the transferring molecules satisfy the same 
Boltzmann-Gibbs distribution as the non-transferring molecules in every part, the average kinetic 
energies of molecules inside these two parts are identical to each other, that is, 
                       3 3
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Now we put the system in the gravitational field of the earth. We assume the energy transfer is 
along the horizontal direction, so the gravitational potential can be regarded as constant. Then, the 
energy of the transferring molecule contains the potential. With the same process, we have 
0
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where 0ϕ is the constant potential. The equations (1) and (2) show that, when the system is at the 
thermal equilibrium, the average energy of molecules balances everywhere in the whole system. 
Here, the average is obtained in the local sense, so it is possibly different in different parts of the 
system. Therefore, equations (1) and (2) can be called statistical balance of molecular energy. 
Obviously, from these two equations one obtains 
                             AT TB=                                      (3) 
This is the natural result for the classical system at thermal equilibrium. However, for the 
self-gravitating particle system, the result is not so concise. 
In the self-gravitating system, the long range gravitational interaction is always treated as one 
mean field. It is obvious that the self-gravitational potential is inhomogeneous in the whole system, 
and at the same time the temperature is also inhomogeneous. For simplicity, we assume the system 
is spherically symmetric. In every spherical shell, we adopt the local equilibrium assumption; so 
the molecules in the shell follow the classical Boltzmann-Gibbs distribution.  
When the self-gravitating system is at the hydrostatic equilibrium, between any two adjacent 
spherical shells (Ai and Aj, i, j=1,2,…) the numbers of exchange molecules are equal to each other. 
When a molecule transfers from one shell to another shell, the mean field can do some work on 
this molecule, and now that these two shells have different (Lagrange) temperature, its average 
kinetic energy also changes. Therefore, as long as there is not any energy dissipation in the whole 
self-gravitating system, there must be 
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or 
 2
                    
3 3 , , 1,2,
2 2B i i B j j
k T m k T m i jϕ ϕ+ = + = "               (5)  
This is the statistical balance of molecular energy. On the other hand, (5) indicates 
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The gradient of the above expression is 
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In nonextensive statistics mechanics, it is supposed that the microscopic dynamical behavior of a 
self-gravitating particle (single-atom molecule) system at hydrostatic equilibrium is governed by 
the generalized Boltzmann equation [6] 
                     ( )q q q q q
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v
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ϕ∂ ∂ ∂+ ⋅ − ∇ ⋅ =∂ ∂ ∂ C f  ,                      (8) 
where φ is the self-gravitational potential determined by the Poisson equation, and Cq is the 
q-collision term. According to the q-H theorem, when the collision term vanishes in (8), the 
distribution evolves irreversibly towards the generalized Maxwellian q-velocity distribution [6,7] 
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where n is the number density of particles, BBq is the q-dependent normalized constant. From this 
distribution function (9), one important relation was obtained [8] 
                         0Bk T Qmϕ∇ + = ,                                (10) 
with the condition 
                           .                             (11) (1 ) 0Q q∇ ≡ ∇ − =
The equation (10) is actually the natural result of detailed balance. Let the right hand side of (8) be 
zero, substitute (9) into (8), and compare the coefficients of same order power of the velocity in 
both sides of (8), one can easily get (10). 
Compare (10) with (7), one can find (7) is the special case Q=2/3 of (10). This is not 
satisfactory now that the self-gravitating system at hydrostatic equilibrium yields to distribution (9) 
and the parameter q is not assigned one special value. Actually, for such a self-gravitating system 
where the gradient of temperature is not zero, the energy transfer caused by the thermal radiation 
should be considered. Therefore, we add one radiation term into (6), that is, 
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where the EC is a constant in the whole system. The radiation term denotes the average radiation 
energy stored in every molecule.  
Here, we think this radiation term is proportional to the Lagrange temperature T, which has 
two sources. One is the average energy of the electrons ionized from the molecules (due to the 
absorption of radiation energy), assumed to follow the Boltzmann-Gibbs distribution in a 
self-gravitating system. So its average energy is proportional to T. The other source is the radiation 
field in the spaces between the molecules. The radiation field is resulted from the scattering of 
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ionized electrons to the photons and the transition of bound electrons between different energy 
level in the molecules. According to the quantum statistics, the total energy of the radiation field in 
equilibrium is proportional T4 to and the total (average) photon number in a given field is 
proportional to T3; therefore, the average energy of every photon is proportional to T. Although 
there are two different sources, we regard the radiation energy as being ‘stored’ inside the 
molecules and it can be transfered with the molecules.  
In order to clarify the physical meaning of (12), let us consider the Fig.1. When the whole 
system is at the hydrostatic equilibrium, the numbers of exchange molecules between the adjacent 
spherical shells A and B are equal to each other. The quantity ε denotes the sum of the average 
molecular kinetic energy and the average radiation energy ‘stored’ in the molecule. If the sum of ε 
in each shell and its corresponding potential is a constant Ec, ordinarily called statistical balance of 
molecular energy, now that we have assumed each shell is at the Boltzmann thermal equilibrium, 
there must not be any energy dissipation in the whole system. The entropy balance, and then the 
detailed balance hold in the self-gravitating system with the inhomogeneous temperature. Then the 
system yields to the generalized Maxwellian distribution (9). The detailed balance implies the 
whole system approaches to one “equilibrium” different from the classical Boltzmann thermal 
equilibrium. Generally, we can call this Tsallis equilibrium.  
 
 
Fig 1. The schematic diagram of detailed balance, assuming the self-gravitating system is 
spherically symmetric. Under this condition, the whole system approaches the Tsallis 
equilibrium. The quantity ε denotes the sum of the average molecular kinetic energy and the 
average radiation energy stored in the molecule. The potential changes along the radial 
direction. 
 
With the statistical balance of molecular energy, calculating the gradient of (12), one has 
                    
1 0
3 / 2B
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Obviously, if defining 
                             1 ,3 +
2
Q
λ
=                                    (14) 
equation (13) is completely identical to equation (10). The parameter λ can be called the storage 
coefficient, which measures the ability of the molecules ‘to store’ the radiation energy. So, based 
on the classical statistics, one can construct the relation (10) which is derived from the 
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nonextensive statistical theory. When the statistical balance of molecular energy is satisfied, now 
that we have assumed that each shell is at the thermal (Boltzmann) equilibrium (so there is no 
energy flux inside the shell), there must not be any energy dissipation in the whole system. 
Therefore, the relation (10) is equivalent to the detailed balance principle.  
In the process deriving equation (13) we apply the local equilibrium assumption, so the 
Boltzmann-Gibbs distribution is suitable for the local sense. On the other hand, the whole system 
at the hydrostatic equilibrium yields to the generalized Boltzmann-Gibbs distribution at Tsallis 
equilibrium [9]. These two distribution functions are both suitable in the self-gravitating system. 
One is correct in the local sense, and the other is valid in the whole sense. This coexistence of 
distributions indicates the assumption of temperature duality [10], which states that the Lagrange 
temperature related to the local thermal (Boltzmann) equilibrium and the physical temperature [11] 
related to the Tsallis equilibrium in the whole sense are both necessary in the self-gravitating 
system.  
With the assumption of temperature duality, one can introduce a new concept of the 
temperature in the self-gravitating system. When the whole system is at the Tsallis equilibrium, or 
the statistical balance of molecular energy is satisfied, equation (10) or (13) holds. For describing 
the ‘equilibrium’ state, one generalized temperature as the state parameter is required. This can be 
done through integrating (10) with the condition (11). Then we obtain 
                   0
ϕ= + +g
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QmT T T
k
                                  (15) 
Apparently, the definition includes the gravitational potential, so ordinarily we call it gravitational 
temperature. If set T0=0, compare (15) to (12) one can easily find that they are identical to each 
other. That is, equation (12) actually gives the definition of gravitational temperature in the 
classical statistics background. 
Fig. 1 and equation (13) present one physical explanation of nonextensive parameter Q=1-q 
in the framework of classical Boltzmann statistics. From the expression (13) it is easy to find that 
as long as the inhomogeneous potential exists the parameter Q can not be zero. So the velocity 
distribution function must be the power law one. Because possible values of the storage 
coefficient is 0< λ <∞, this physical explanation in eq.(14) offers one powerful proof of 0< Q <2/3 
if the system consists of single-atom molecules..  
Furthermore, if the statistical balance of molecular energy were violent, the equation (12) 
could not hold in the whole system. However, we can apply the generalized local (Tsallis) 
equilibrium assumption (based on which the generalized heat flux can be defined [12]), which 
states that, in the scale (L) far more than the one (the thickness l) of the spherical shell in Fig 1, 
that is , the generalized Maxwellian distribution (9) holds. So in this scale L, the quantity 
E
L l
C in (12) is still a constant and the gravitational temperature can be also defined. Anyway, the 
expression (14) holds in general case.  
With the solar standard date BS2005, the storage coefficient can be calculated according to 
(14), since the nonextensive parameter Q could be obtained through relation (10). The distribution 
curve of this storage coefficient along the radial direction is drawn in Fig 2. One can easily find 
that, the coefficient is about unity in the convective zone and its maximum value appears in the 
radiation region, but not in the core region. Obviously, the value range is limited, showing the 
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limited ability of molecules to store radiation energy. According to the analysis of the radiation 
term in (12), the storage coefficient is related to the degree of ionization of molecules and the 
average number of photons interacting with one ionized or bound electron. It is apparent that the 
limitation of its value is originated from the limitations of degree of ionization and average 
number of photons. Furthermore, the storage coefficient can be linked to the difference of 
adsorption coefficient and emission coefficient in the radiative transfer process. So from the curve 
of Fig.2, one can find some information about the adsorption coefficient (opacity) and emission 
coefficient in the solar interior.  
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Fig 2. The distribution of storage coefficient along the radial direction inside the solar interior.  
It reveals the change of ability of molecules to store the radiation energy with the position. 
 
Of course, apart from the physical explanation of the parameter Q with (13), we have another 
explanation about this parameter. In the stellar physics, one dimensionless quantity called 
logarithmic temperature gradient (to distinguish it from the ordinary temperature gradient, we call 
it logarithmic temperature gradient) is defined as follows [13], 
                         lnˆ
ln
∇ ≡ d T
d P
.                                       (16) 
One self-gravitating system at hydrostatic equilibrium satisfies the equation, 
                        ϕ∇ = − ∇P mn .                                    (17) 
Considering the spherically symmetry, one can obtain 
                    ˆ= = −dT dT dP Tmng
dr dP dr P
∇ .                              (18) 
The quantity g is the gravitational acceleration. If regarding the system as one ideal gas sphere 
with the pressure , one has = BP nk T
                            ˆ= −
B
dT mg
dr k
∇ .                                  (19) 
Compare the equation to the scalar form of (10), one immediately obtains 
                                ˆ= ∇Q .                                   (20) 
That is to say, if the pressure of the system only includes the gas pressure, the nonextensive 
parameter Q is just the logarithmic temperature gradient (16). Again, this quantity can not be zero 
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under the condition considered.  
Ordinarily, the pressure of system includes the radiation pressure apart from the gas pressure. 
So P=Pg+Pr , where Pg is the gas pressure, and Pr is the radiation pressure. For convenience, we 
define the quantity 
                               /β ≡ gP P .                                 (21) 
With the gas pressure Pg=nkBT, (18) becomes B
                             ˆβ= −dT mg
dr k
∇ .                              (22) 
So one has 
                                 ˆβ= ∇Q  .                                (23) 
Inside the star, the convection instability criterion is generally expressed as [13] 
                                 ˆ ˆ∇ ≥ ∇ad .                                 (24) 
Assume the single-atom ideal gas inside the star is completely ionized, one has [13] 
                         
2
2
1+(1- )(4+ )/ˆ =
5/2+4(1- )(4+ )/
β β β
β β β∇ad .                        (25) 
Then inequality (24) becomes 
                         
2
+(1- )(4+ )/ˆ
5/2+4(1- )(4+ )/
β β β ββ β β β≥ ∇ =adQ .                   (26) 
In the convective layer, ordinarily there is β→1, so one has 
                                .                                  (27) 2 / 5≥Q
This is the convective instability criterion near the star surface [14], expressed by the nonextensive 
parameter. The instability criterion is important to analyzing the convection near the stellar surface. 
At the stellar center the nuclear reaction requires the existence of convection, so the inequality (26) 
also holds. Here, the radiation pressure plays an important role. Define the following function 
             
2
2
+(1- )(4+ )/ 4 3( )
5/2+4(1- )(4+ )/ 16 12 3 / 2
β β β β β ββ β β β β β
−= = − −f 2  ,                (28) 
one can prove that this function increases monotonously with β for 0< β <1.  
Setting the value of Q at the stellar center as Qc, from (26) we can calculate the critical value 
of parameter β, that is, 
              
212 4 4 15 6 1
6 3
β + − − += −
c c
c
c
Q Q Q
Q
c .                          (29) 
Then the convection instability criterion at stellar center is written as  
                         β β≤ c .                                          (30) 
This means that, in order to keep the convection alive at the stellar center, the gas pressure must be 
small enough. 
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With the data of solar standard model BP2000, one can estimate the value of Qc. We roughly 
adopt the following formula 
                     
7(1.568 10 )
( 0.0065 )
× −= − :
B r
c
r r
kQ
r R m
T
g
.                           (31) 
And we adopt r=0.042R⊙, where R⊙ is the solar radius. At this position, the average molecular 
mass, gravitational acceleration and temperature is respectively mr, gr, Tr, whose value can be 
obtained from the standard model. Then one obtains Qc≈0.2. Therefore the critical value 
βc=0.7167. That is to say, in order to keep the nuclear reaction alive in the solar core, the ratio of 
radiation pressure to the total pressure must be more than 0.2833.  
In summary, we present in this paper two explanations to the origins of nonextensive 
parameter Q in the self-gravitating gaseous system, based on the classical statistics theory. One is 
related to the detailed balance, under which condition the molecular energy can reach the 
statistical balance. So the average of total energy of molecules in different parts of system is a 
constant. Here, the average is made under the local (Boltzmann) thermal equilibrium condition. 
With the statistical balance of molecular energy (12), the expression relating the parameter Q to 
the storage coefficient in (14), which measures the ability of molecules to store the radiation 
energy, is also obtained.  
When the detailed balance and then the statistical balance of molecular energy (13) are 
satisfied, the whole self-gravitating system is at an ‘equilibrium’ state with inhomogeneous 
(Lagrange) temperature, which is apparently different from the classical thermal equilibrium 
concept. So we call it Tsallis equilibrium, which is described by the generalized Maxwellian 
velocity distribution (9). Therefore in a self-gravitating system there are two different distributions. 
One is the Boltzmann-Gibbs distribution which is suitable for the local sense, and the other is the 
nonextensive distribution (9) in the whole sense.  
The coexistence of two different distributions indicates the assumption of temperature duality, 
which states two different temperature concepts in the system are both significative. One is the 
classical (Lagrange) temperature defined based on the local (Boltzmann) thermal equilibrium, thus 
related to the Boltzmann-Gibbs distribution. The other is the physical temperature based on the 
Tsallis equilibrium described by the Tsallis power-law distribution, that is, the generalized 
Maxwellian distribution (9). The physical temperature, called gravitational temperature in the 
self-gravitating system, is naturally deduced from (12).  
In our opinion, the radiation term in (12) is proportional to Lagrange temperature T, which is 
important for our discussion. Just as we mentioned, this term at least has two sources. One is the 
average kinetic energy of electrons ionized from molecules (due to the absorption of radiation 
energy), which are assumed to obey to the Boltzmann distribution. So the average electron energy 
is proportional to T. The other source is the radiation field bound to the space between molecules 
due to the scattering of photons and ionized electrons, and also due to the transition of bound 
electrons between different energy level in the molecules. According to the quantum statistics, the 
average energy of photons existing in the radiation field is also proportional to T. The average 
energy of photons can change with the temperature T and also with the average kinetic energy of 
molecules. So the radiation energy is actually ‘stored’ inside the molecules. The proportional 
coefficient in the radiation term then measures the ability of molecules to store the radiation 
energy, called storage coefficient.  
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The other physical explanation of the parameter Q is originated from the dimensionless 
temperature gradient (16) defined in the stellar physics. Assume the ideal gas in the system is 
completely ionized; the convective instability condition can be expressed by the parameter Q (26), 
where the ratio β of gas pressure to total pressure is defined. From the instability condition, one 
can find that, in order to keep the nuclear reaction in the sun, the ratio of radiation pressure to total 
in the solar core must be more than 0.2833. Therefore, the radiation pressure is important in the 
solar core. We know that the radiation pressure is related to T4, and gas pressure is related to T. So 
when the radiation pressure ratio is large enough, the change of total pressure is sufficiently/more 
sensitive to the change of Lagrange temperature T in the solar core. Then the nuclear reaction can 
keep stable easily due to the negative specific heat in this region.  
These two explanations of the nonextensive parameter proposed in this paper are both related 
to the heat radiation inside the self-gravitating system. The first explanation is related to the 
energy balance (12), and the parameter Q is dependent on the radiation energy term. The second 
one is related to the dynamic balance (17), and Q is dependent on the radiation pressure to some 
extent. So they are thermodynamic and dynamic explanations respectively. This provides more 
insights about the essence of the nonextensive parameter Q.  
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